This report*) is a survey of the cyclic deformation and fatigue behaviour of selected engineering steels and alloys. Emphasis is placed on the important roles of the cyclic slip mode and the stability of the microstructure during cyclic stressing and on the conditions of fatigue testing with res FFt tO the failure mechanisms and fatigue life. The examples presented include low-temperature atigue high-temperature fatigue in the presence of dynamic strain ageing and thermomechanical fatigue.
INTRODU(JTI0N
The cyclic deformation behaviour and the fatigue life of metallic materials depend critically on the stability of the microstructure during cyclic loading and on the cyclic slip mode both of which in turn, and depending on temperature and testing mode, govern the cyclic hardening/softening and the mode of fatigue crack initiation and propagation. Perhaps the most prominent example 1s the cyclic strain localization, softening and fatigue crack initiation in persistent slip bands in the case of age-hardened alloys containing shearable precipitates. In addition to metallurgical factors, the conditions and mode of cyclic stressing can play an important role.
In this paper, some results of more recent studies of the author and his research group on the fatigue of different engineering materials will be presented, cf. [1, 2 . This work addresses low-and high-temperature push-pull fatigue including thermomechanica 1 fatigue. Among the materials investigated are the age-hardenable aluminium alloy AlZnMgCu 0.5 which is similar to the alloy 7022 [1, 3] , martensitic and bainitic variants of the roller bearing steel SAE 52100, German designation 100Cr6 1 4 5 , the metastable austenitic steels of the AISI 304 L-series, German designations X 3 Cr k-d i 18 [1, 2, 6, 7, 8] and X 2 CrNi 19 11 [9, 10, 11] , the normalized plain carbon steel SAE 1045, German desi nat~on Ck 45 [2, 12] , and the monocrystalline -(-hardened nickel-bare superalloy CMSX-6 RI~].
EXPEKIMEiNTAL OBSERVATIONS AND DISCUSSION Aluminium alloy AlZnMgCu 0.5 1 3
It is remarkable that,in the soli 4~1 -so ution hardened state (as heat-treated), this alloy exhibits a marked cyclic hardening (in plastic-strain controlled tests) in combination with a short fatigue life, as compared with the behaviour of the alloy in the peak-aged condition (Fig. 1) . The reason lies in the strong cyclic hardening due to the cyclic deformation-induced formation of numerous tiny precipitates and dislocation loops (Fig. 2) . Hereby it is noteworthy that these defects extend right up to the grain boundaries and that fatigue cracks initiate mainly transgranularly, whereas peak-aged or overaged alloys usually exhibit p p i t a t i o n -f r e e zones at the grain boundaries (Fig. 3 ) which frequently cause intergranular atigue crack initiation.
Roller bearing steel SAE 52100 [4, 5] This high-strength steel, hardened martensitically or bainitically, exhibits very interesting fatigue ropertles, characterized by very limited ductility, a markedly non-linear elastic stress-strain gehaviour, cyclic deformation-induced martensitic transformation of retained austenite and fatigue lives that obey neither a Manson-Coffin nor a Basquin type law in the usual sense. Because of lack of space the reader is referred to the original papers [4, 5] .
Metastable austenitic stainless steels of type AISI 304L [6-111 These steels exhibit interesting fatigue properties at both low and high temperatures. At low temperatures the cyclic deformation behaviour of these steels is characterized by the cyclic deformation-induced martensitic transformation (Fig. 4) , combined with a very strong cyclic hardening. This behaviour is most pronounced at temperatures below room temperature and gives rise to a very marked strength enhancement when the fatigue test is performed at a temperature of about 200 K or lower (Fig. 5) . This strengthening effect which can be exploited technologically can be related directly to the martensite content [10, 11] . Hereby, it is convenient that the martensite content can be controlled by suitable choice of plastic strain amplitude, number of cycles and temperature. In order to optimize the strength properties for technical applications, the residual fatigue life after (low-temperature) pre-fatigue with the aim to enhance the strength by fatigue-induced martensitic transformation is also of interest. In this case. it is found that an intermediate martensite content is optimal (Fig. 6 ). At higher temperatures the cycllc deformationbehaviour is influenced strongly by dynamic strain ageing effects which are most pronounced at temperatures around 450oC [7, 8] . In plasticstrain controlled tests this leads to a maximum of the attained maximum/saturation stress amplitude as a function of testing temperature in the temperature range around 450oC (Fig. 7) It is interesting to note that while the cyclic slip mode is wavy at lower and at higher temperatures, it is planar in the temperature range of dynamic strain ageing (Fig. 8) . The reason for this behaviour seems to lie mainly in the formation of small coherent carbides which are cut by the dislocations, accompanied by the formation of planar slip bands (Fig. 9) . When the planarity of slip is very pronounced as in the case of an AISI 316L steel [14] , fatlgue life can be enhanced to the extent that it becomes maximal in the temperature range of dynamic strain ageing inspite of the increased stress amplitude.
normal^ plain carbon steel SAE 1045 [12 This steel also exhibits the phenomenon of d ynamic strain ageing during fatigue at higher temperatures with a maximal effect at about 3000C. A wavy cyclic slip mode prevails at all temperatures. In the temperature range of dynamic strain ageing, the dislocation arrangement consists of dense dislocation walls, whereas at lower and higher temperatures dislocation cell and subgrain structures are observed, respectively (Fig. 10) . The temperature dependence of fatigue life depends in an interesting manner on the mode of testing (Fig. 11) . Thus, in stress-controlled tests, enhanced cyclic hardening in the temperature range of dynamic strain ageing leads to a decrease of the plastic strain amplitude and hence to a maximum of fatigue life. On the other hand in plastic -strain controlled tests, the stress amplitude is maximal in the temperature range of dynamic strain ageing and, as a consequence, the fatigue life exhibits a minimum.
Monocrystalline nickel-base superalloy CMSX-6, near 0011 -orientation [13] In the case of this y'-hardened turbine blade materia 1 the thermomechanical fatigue (TMF) behaviour is of particular interest. TMF tests were performed for different temperature-total strain cycles with a lower temperature of 600oC and an upper temperature of 11WC (Fig. 12) . It was found that fatigue life correlated inversely with the tensile stress amplitude (Fig. 13) and is hence smallest for out-of-phase temperature-strain cycles for which the tensile stress amplitude 1s largest. Fatigue fracture invariably occurred in a crystallographicall facetted shear mode which is r considered typical of fatigue failure (Fig. 14) and showed little ef ect of creep damage. Hereby, cyclic strain localisation, related to coarsening of the y' structure played a more or less important role. In all cases, a coarsening of the y' structure could be observed, sometimes accom anied by the P formation of small secondary y' precipitates (Fig. 15) . A particularly noteworthy eature is the directional y' coarsening which was found to be most pronounced in out-of-phase tests and which occurred in such a manner that soft y-channels formed, inclined under an angle to the stress axis, thus promoting cyclic shear localization. tation-free, solid-solution hardened, and in the peak-aged states [1, 3] . Acp1/2: plastic strain amplitude, stress amplitude. TEM difliaction Fig. 4 : TEM evidence of cyclic plasticity-induced martensite formation in the stainless steel X 3 CrNi 18 9 after room-temperature fatigue at AcPl = 1% [7] .
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